Emerging evidence supports an important role for the heme oxygenase system in the maintenance of a healthy pregnancy. This review attempts to collect these wide-ranging data and summarize the recent progress in the field.
INTRODUCTION
The development of the placenta during pregnancy and the concurrent maternal cardiovascular changes that accompany it are a highly regulated sequence of events. Proper maturation and development of the placental tissue is absolutely necessary to adequately supply the developing fetus with the adequate nutrition to ensure proper fetal development. Additionally, in recent years, it has been appreciated that inadequate delivery of blood to the placenta itself can cause the production of stress-inducible factors, which when released into the maternal circulation can be responsible for maternal disease, as in the case of preeclampsia. Although the temporal development of the gross placental anatomy and function are well characterized, the molecular cues that underpin them are still not fully elucidated. Likewise, the complement of molecular players which maintain normal placental function are still very much an area of active research. One molecular factor that has attracted increased interest as an important regulator of placental development and function is heme oxygenase.
Heme oxygenase consists of two functional isoforms: the inducible form HO-1 and the constitutively active form HO-2. Heme oxygenase's normally recognized function is to catalyze the ratelimiting step in the conversion of free heme to bilirubin, by converting it to biliverdin, the substrate for the final conversion to bilirubin by biliverdin reductase (Fig. 1) . While heme oxygenase has traditionally been considered a housekeeping system, a large body of work now suggests that heme oxygenase has diverse biological activities. Interestingly, the conversion of heme produces three catalytic products that are known to have biological activity: biliverdin/bilirubin, carbon monoxide, and elemental iron. Each of these compounds has demonstrated an important biological activity. Biliverdin and bilirubin are both known to have potent antioxidant effects [1, 2] . Carbon monoxide, though toxic at higher levels, is an important endogenous signaling molecule with properties similar to the closely related molecule nitric oxide. Among other functions, carbon monoxide has been implicated in the relaxation of vascular tone and has potent effects on angiogenesis [3,4,5 & ,6,7] . Free iron, on its own, is a potent prooxidant. However, its continued production leads to an increase in the production of the ironsequestering protein ferritin, leading to a long-term decrease in free iron and thus oxidative stress [8] . Intriguingly, there is a growing understanding that the activity of heme oxygenase, likely through its bioactive compounds, is an important regulator of placental development. This review seeks to summarize the published literature implicating heme oxygenase as an important regulator of pregnancy and its potential application as a therapeutic in the management of preeclampsia.
HEME OXYGENASE IN PLACENTAL DEVELOPMENT
Supplying the developing placenta is a complicated process consisting of an intricate temporal developmental program. Although a full explanation of placental and vascular development during placentation is beyond the scope of this article (for an excellent recent review, see [9 & ]), a brief overview is in order. To provide adequate blood flow from the maternal spiral arteries, extravillous trophoblasts from the placenta invade the maternal arteries, displace the vascular endothelial lining, and replace the vascular smooth muscle and lamina [9 & ]. The invaded segments of these vessels become dramatically distended, offering low resistance, which ensures uninterrupted blood flow to the placenta. Despite this, the oxygen tension in the healthy placenta in late gestation is relatively low, with a pO 2 of approximately 55 mmHg at its peak [10] . As blood from the spiral arteries enters the placenta, it passes through the intervillous space where it directly interacts with the placental chorionic villi. These fetally derived villous columns are the major site for nutrient and waste exchange between the maternal and fetal circulations.
Several reports have demonstrated the expression of both HO-1 and HO-2 in the placentas of both humans and animal models [11] [12] [13] . Interestingly, in healthy pregnancies, there appears to be greater change in the 'constitutive' HO-2 than the 'inducible' HO-1 in term versus first-trimester pregnancies, and the two isoforms appear to have distinct temporal-spatial expression patterns in the placenta, suggesting possible functional regulation of the separate isoforms [13, 14] . In mice, for instance, HO-1 is expressed in the fetus and placenta at an early gestational stage, increasing steadily through mid-gestation, before gradually decreasing at term [15] . Several lines of evidence support the notion that heme oxygenase activity is important for normal gestational development. A recent in-vitro report showed that human trophoblast invasion could be inhibited by a general heme oxygenase inhibitor or by HO-2-specific antibodies, but that HO-1 antibodies had no significant effect [16] . Even more intriguingly, a second report found decreased HO-1 expression in invasive versus noninvasive trophoblasts. Using in-vitro invasion assays with gain and loss of function experiments,
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Heme oxygenase and its metabolites carbon monoxide and bilirubin may be effective new therapeutics for the management of preeclampsia. this group also demonstrated a causal inverse relationship between HO-1 expression and trophoblast invasiveness. Finally, this group demonstrated that the effect of HO-1 to suppress invasion was because of its positive regulation of PPARg expression, as blockade PPARg essentially eliminated HO-1's inhibitory effects [17] .
Two recent studies utilizing transgenic knockout mice have also demonstrated an important role for HO-1 in placental vascular development and gross morphology. The first and most direct effect of heme oxygenase depletion was the extremely low ($2.4%) survival of homozygous HO-1 knockout mice. Indeed, crosses between HO-1 þ/À mice resulted in significant decreases in both overall fetal weight and litter size. Analysis of the fetal HO-1 þ/À placentas revealed changes in morphology, specifically thinning of the junctional zone. Perhaps most intriguing, fetal HO-1 þ/À placentas were accompanied by a concomitant increase in HO-2 expression which led to very modest and largely insignificant changes in overall heme oxygenase activity, again suggesting a functional heterogeneity in the two isoforms [18] .
In the second study, an analysis of the placental vascular structure of the HO-1 þ/À transgenic line indicated a deficiency in vascular remodeling, malformation of the maternal/fetal interface, and changes in uterine natural killer cell proliferation and maturation, which the authors attributed, in part, to the changes in the angiogenic profile in the maternal HO-1 þ/À animals. In this case, the phenotype appeared to be independent of fetal genotype, but instead followed the maternal heme oxygenase levels, suggesting that maternal heme oxygenase may have an indirect role on placental development [19 && ]. More recently, these studies have been confirmed in a separate mouse line, which also found massive fetal loss and intrauterine growth restriction. Intriguingly, inhalation of low-dose carbon monoxide was found to cause significant improvement in both fetal weight and fetal survival, suggesting that carbon monoxide is at least partially responsible for the protective effects of HO-1 during pregnancy [20] . Together, the weight of these recent studies suggests a very important role for the heme oxygenase system in the normal course of placental development.
HEME OXYGENASE IN THE MAINTENANCE OF PREGNANCY
There are also interesting indications in the literature that heme oxygenase has an important role on vascular function in the mother and fetus, including the placental vasculature. In one early report, using ex-vivo vascular preparations from pregnant human myometrial vessels, heme oxygenase induction by the porphyrin derivative hemin led to decreased uterine vessel spontaneous contractility and contractions in response to oxytocin, suggesting a possible role in maintaining uterine vessel quiescence during pregnancy [21] . In another study utilizing ex-vivo human placental perfusion preparations, it was shown that carbon monoxide added to the perfusate significantly decreased the perfusion pressure of the fetal circulation. Furthermore, inhibition or activation of soluble guanylyl cyclase (sGC), the secondary messenger for nitric oxide/carbon monoxide, had a direct effect on the ability of carbon monoxide to modulate perfusion pressure. This again suggests that carbon monoxide can act as an important regulator of vascular function in the placenta during gestation [22] .
There is also an emerging link between heme oxygenase and protection from miscarriage. Studies from the Zenclussen laboratory have demonstrated that induction of HO-1 by either chemical induction with cobalt protoporphyrin (CoPP) or viral expression is protective in a well established abortion prone mouse model. Further, these studies found that the protective effect was associated with increased levels of the cytoprotective protein Bag-1 and neuropilin-1, a T-regulatory cell marker, at the maternal-fetal junction [23, 24] . The authors concluded that activation of T cells might be a major mechanism in heme oxygenase's protective effect by improving fetal tolerance. Support for this idea came with a subsequent study which demonstrated that inhibition of heme oxygenase significantly attenuated the protective effects of adoptive T-reg transfer in the same abortion prone model [25 && ]. A separate group has recently demonstrated the beneficial effects of HO-1 induction in the Brucella abortus and Listeria monocytogenes-induced abortion mouse models. Specifically, they found the infections themselves downregulated HO-1 expression in the placenta, and that induction of HO-1 by CoPP dramatically increased fetal survival in infected animals, coincident with decreased cell death in the placenta [26 & ,27]. Finally, there is an intriguing report that found that polymorphisms within the heme oxygenase-1 gene are associated with incidence of idiopathic recurrent miscarriage in Caucasian women [28] . Together, these data suggest that heme oxygenase plays an important role in the maintenance of a healthy pregnancy under physiological and pathological conditions. Further examination of genetic variation of the heme oxygenase genes in patients presenting with gestational disorders and further mechanistic studies examining the molecular mechanism affected by heme oxygenase in pregnancy should prove enlightening.
HEME OXYGENASE IN PREECLAMPSIA
Preeclampsia is one of the most prevalent gestational disorders, affecting approximately 8% of pregnancies in the United States. It is also a major risk factor for perinatal mortality [29] . The major symptomatic manifestations of preeclampsia include new-onset hypertension and proteinuria, although it has been suggested that a more global view of renal function might be more indicative than absolute protein excretion [30] . The underlying mechanisms that initiate preeclampsia are still unknown, but there is a growing consensus that the symptomatic phase of the disorder stems from inadequate remodeling of the maternal spiral arteries to provide adequate blood flow to the placenta. In response, the placenta becomes extremely hypoxic and begins to produce soluble factors, which when released into the maternal bloodstream are responsible for the maternal symptoms [31,32 & ,33,34] . With the mounting evidence for the importance of heme oxygenase in the development and maintenance of placental structure and function, it is logical to suspect that alterations in the heme oxygenase system could be an important factor in the development and symptoms of preeclampsia.
Given the continuing interest in the placental response to hypoxia, two separate laboratories have examined the effects of hypoxia and hypoxiareoxygenation on placental tissue ex vivo. In the first, villous explants from human term placentas were subjected to anoxia-reoxygenation in either 5 or 20% oxygen-treated media. In none of the performed experiments was any change seen in either HO-1 or HO-2, suggesting that anoxiareoxygenation does not influence heme oxygenase expression [35] . In stark contrast, when rodent placental villous explants were exposed to chronic hypoxia (1%) for 48 h, they exhibited a marked decreased in HO-1 expression when compared to their 6% 'normoxic' controls [5 & ]. The contradictory nature of these results has not been resolved and more work remains to clarify the role of hypoxia in driving HO-1 expression in the placental vasculature.
Several groups have examined the expression of HO-1 in the circulation and placenta in preeclamptic patients. Intriguingly, several studies have indicated changes in the 'constitutively' expressed isoform, HO-2. Early studies looking at HO-1 and HO-2 expression in placental tissue in preeclamptic patients revealed little change in most cell subtypes, but demonstrated a significant reduction in placental endothelial cells in preeclamptic women when compared with healthy pregnant controls [12] . Subsequent studies not only confirmed the earlier results, but also indicated that there was a significant reduction in the syncytiotrophoblast expression of HO-2 [36] . In a recent report, decreases in HO-2 were observed not only in syncytiotrophoblasts, but also in invasive trophoblasts [37] .
Changes in HO-1 expression have also been noted by numerous investigators. Early investigations were suggestive, though not definitive. In a broad examination of placental tissue from several pregnancy disorders, including preeclampsia, a trend for decreased HO-1 expression was noted, though this failed to meet statistical significance [37] . Interestingly, subsequent studies looking at the decidua basalis of the placenta have suggested significantly increased levels of HO-1 expression in preeclamptic placentas. Even more, studies looking at the HO-1 protein levels in the serum of preeclamptic women also found an increase, suggesting a possible biomarker for the diagnosis of preeclampsia [38] . Most recently, examination of HO-1 levels in serum from preeclamptic women prior to parturition demonstrated markedly increased protein levels. Interestingly, elevated serum HO-1 persisted in the antenatal period whereas in healthy controls HO-1 decreased significantly [39 & ]. Although the functional implications of changes during heme oxygenase expression during preeclampsia remain to be elucidated, it appears likely that changes in heme oxygenase could be an important factor in the origins and the physiological response to placental ischemia during preeclampsia.
THE HEME OXYGENASE SYSTEM: POSSIBLE THERAPIES FOR PREECLAMPSIA?
While the role of heme oxygenase in the development of preeclampsia is very much an open question, there has been a great deal of speculation about the utilization of the heme oxygenase system as a therapeutic approach to the management of preeclamptic symptoms [40, 41] . Two of the major pathways involved in the manifestation of the symptomatic phase of the disorder are increased release of the vascular endothelial growth factor (VEGF) antagonist soluble fms-like tyrosine kinase-1 (sFlt-1) from the placenta and increased production of reactive oxygen species in the hypoxic placenta [42] . The bioactive metabolites of heme degradation have been postulated to attenuate the effects of both of these pathways (Fig. 2) [40, 42] . Additionally, a growing body of experimental evidence both in vitro and in vivo has demonstrated that there may be utility in the heme oxygenase system in the management of preeclampsia.
sFlt-1 is one of the major pathogenic agents produced by the preeclamptic placenta. An intriguing report from Cudmore et al. [4] first demonstrated that induction of HO-1 could dramatically negatively regulate sFlt-1 release from placental villous explants in response to either VEGF or interferon-g administration. Specifically, administration of carbon monoxide by carbon-monoxide-releasing molecules could recapitulate the effect, suggesting its importance in the downregulation of sFlt-1. Subsequent studies from our laboratory have demonstrated similar results when sFlt-1 is induced by oxygen concentrations mimicking the preeclamptic placenta. Interestingly, both carbon monoxide and bilirubin significantly decreased the hypoxia-induced increase in sFlt-1, suggesting a possible dual role for heme oxygenase in the suppression of sFlt-1 in hypoxic conditions [5 & ]. One recent report also indicates that resveratrol, which upregulates HO-1 production, significantly decreases sFlt-1 release from placental tissues and cell types from the placenta in response to a variety of stimuli, again suggesting that HO-1 induction could significantly blunt the hypertensive activity of sFlt-1 in preeclampsia [43 & ]. Additionally, oxidative stress is also a pivotal factor in the manifestation of preeclampsia, and the potent antioxidant properties of bilirubin could conceivably be a potent therapeutic in reducing the oxidative stress in the ischemic placenta. Indeed, in-vitro data from our laboratory indicate that HO-1 induction significantly reduces hypoxia-induced oxidative stress from rodent placental villous explants, which is also recapitulated by exogenous bilirubin administration [5 & ]. In addition, we have recently demonstrated the in-vivo efficacy of HO-1 induction in the attenuation of hypertension in two established models of gestational hypertension. In the first, we utilized the reduced uterine perfusion pressure (RUPP) rodent model, which consists of a mechanical constriction of the arteries feeding the uterus. This results in chronic placental ischemia and mimics many of the symptoms of human preeclampsia [44] . RUPP animals, which typically exhibit approximately 30 mmHg increase in mean arterial pressure, demonstrated a significant attenuation of hypertension when treated with the HO-1 inducer CoPP. This protective effect on blood pressure was accompanied by a proangiogenic shift in the VEGF/sFlt-1 balance in the placenta, which translated into an increase in the level of bioavailable VEGF in the maternal circulation. Finally, a significant decrease in RUPP-induced oxidative stress was also seen, presumably because of increased bilirubin production [45 && ]. Interestingly, HO-1 induction also decreased sFlt-1 induced hypertension in pregnant rats. In this model, sFlt-1 levels are clamped at an elevated level, with no compensatory reduction in the production of sFlt-1 from the placenta. Still, an increase in bioavailable VEGF was seen, suggesting that HO-1 might be able to induce VEGF expression in these animals independently of its ability to suppress sFlt-1. Most recently, we have demonstrated that HO-1 induction during RUPP treatment leads to a shift in signal transduction pathways in the placenta from a proinjury to a prosurvival phenotype, again suggesting a potential protective role in preeclampsia [46 & ]. What practical therapies could be derived from the heme oxygenase system to treat the preeclamptic patient? In the absence of suitable At the root of preeclampsia is placental insufficiency leading to placental hypoxia/ischemia. In response, the placenta releases factors leading to the maternal symptoms. Two important pathways activated in response to placental ischemia are the production of the vascular endothelial growth factor (VEGF) antagonist sFlt-1 and increased production of reactive oxygen species (ROS), both of which are important players in the development of maternal hypertension. Heme oxygenase (HO), through production of both carbon monoxide and bilirubin, has the ability to block both of these pathways and could be a novel therapeutic agent in the management of preeclampsia.
small molecule heme oxygenase inducers, there is an intriguing possibility that carbon monoxide could be used as a therapeutic agent. Several epidemiological studies have linked increased environmental carbon monoxide exposure to decreased risk of preeclampsia [47 && ,48] . In a suggestive recent study, El-Mousleh et al. [49 & ] demonstrated that low-dose carbon monoxide administration during pregnancy could attenuate changes in the fetal weight in a mouse fetal growth restriction model and could significantly increase the production of angiogenic factors. The possibility of using carbon monoxide inhalation as a new therapy for preeclampsia is an interesting area of investigation. Further investigations into the in-vitro effects on placental tissue and its physiological effects in the relevant models of preeclampsia are of keen interest.
CONCLUSION
Recent evidence suggests that the heme oxygenase system is important in the normal course of gestation. The heme oxygenase system appears to have a major role in placental development and the maintenance of pregnancy under normal and challenged conditions. Importantly, changes in heme oxygenase expression may be important in the development of preeclampsia. Finally, manipulation of heme oxygenase or its metabolites might be an intriguing new therapy in the treatment of preeclampsia.
